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Abstract 

Background: The Midichloriaceae is a novel family of the order Rickettsiales, that encompasses intracellular bacteria 
associated with hard ticks (Ixodidae) and other arthropods. The most intensively investigated member of this family 
is Midichloria mitochondrll, a symbiotic bacterium of the sheep tick Ixodes nanus, characterized by the capacity of 
multiplying inside the mitochondria. A recent study suggested that these bacteria might be inoculated into the 
human host during the tick bite. The purpose of this study was to determine the potential infectivity of Midichloria 
bacteria for non-human animals exposed to the risk of tick bite. 

Methods: Blood from horses, cattle, sheep and dogs exposed to the risk of tick bite was included in this study. 
DMAs were extracted, and amplified using 16S ribosomal RNA primers conserved in the Midichloria genus. 
Furthermore, sera from dogs exposed to the risk of tick bite were analyzed in order to evaluate the presence of 
antibodies against the recombinant flagellar protein (rFliD) from A/I. mitochondrll using an ELISA test. 

Results: Here we present two lines of evidence that support the possibility that bacteria from the genus Midichloria 
are inoculated into vertebrate hosts during a tick bite: (i) a direct evidence, i.e. the detection of circulating DNA 
from bacteria related with A/I. mitochondrll, in the blood of vertebrates exposed to tick parasitism; (ii) a further 
indirect evidence, i.e. the presence of antibodies against an antigen from M. mitochondrll in dogs exposed to the 
risk of tick bite. It is interesting to note that variability was detected in the Midichloria gene sequences recovered 
from positive animals, and that some of these sequences were identical to those generated from tick-associated 
Midichloria. 

Conclusions: Based on the results, and on the overall information so far published on the genus Midichloria, we 
suggest that these bacteria are likely to represent a novel group of vector-borne agents, with the potential of 
infecting mammalian hosts. Whether inoculation o\ Midichloria bacteria could cause a true infection and 
pathological alteration in mammalian hosts is still to be determined. Surely, results emphasize the relevance of 
Midichloria bacteria in investigations on tick immunology and tick-bite markers. 
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Background 

Ticks are responsible for the transmission of a number of 
bacterial, protozoan and viral diseases to humans and ani- 
mals. In addition to well-established pathogenic bacteria, 
ticks frequently harbour microorganisms whose pathogenic 
role to vertebrates is still to be determined; some of these 
have been regarded as symbionts, capable of providing the 
host tick with some fitness advantage [1,2]. A recently de- 
scribed family of the Rickettsiales, Candidatus Midichlo- 
riaceae (hereafter Midichloriaceae), encompasses a wide 
group of intracellular bacteria associated with ticks [3,4]. 
The most intensively investigated member of the family 
Midichloriaceae is Candidatus Midichloria mitochondrii 
(hereafter M. mitochondrii), an intracellular bacterial sym- 
biont that is widespread in the hard tick Ixodes ricinus 
[5,6], the main vector of Lyme disease in Europe. M. mito- 
chondrii is present both in the cell cytoplasm and within 
the inter-membrane space of mitochondria in the ovary of 
the host tick [7,8]. Other ticks that have been shown to 
harbour bacteria attributable to the genus Midichloria 
include members of the genera Ixodes, Rhipicephalus, 
Amblyomma, Hyalomma and Dermacentor [3,9,10]. 

Recently, M. mitochondrii has been detected in the saliv- 
ary glands of /. ricinus, and human patients parasitized by 
this tick have been shown to be seropositive toward an anti- 
genic protein from this bacterium [11]. M. mitochondrii 
can thus be regarded not only as a symbiont of /. ricinus, 
but also as a potential infectious agent or, at least, as a pack- 
age of antigens that ticks likely inject into the vertebrate 
hosts during the blood meal. The fate of M. mitochondrii in 
the vertebrate after the tick bite is indeed still unexplored, 
but there is circumstantial evidence for the presence of cir- 
culating DNA from M. mitochondrii in roe deer (as re- 
vealed during a screening for Anaplasma phagocytophilum 
in Denmark [12]). In addition, DNA from another bacter- 
ium of the family Midichloriaceae (known as 'Montezuma') 
was detected in human patients parasitized by Ixodes 
persulcatus [13]. Despite this circumstantial evidence, no 
systematic studies have so far been focused on the specific 



goal of determining whether DNA from bacteria of the 
genus Midichloria can be detected in blood samples from 
animals exposed to tick parasitism. In addition, no evi- 
dence has so far been published for the presence of anti- 
Midichloria antibodies in the sera from animals other than 
Homo sapiens. The goals of this work were thus to deter- 
mine: i) whether circulating DNA from Midichloria bac- 
teria is detectable in animals exposed to the risk of tick 
bite; ii) whether dogs exposed to the risk of tick parasitism 
are seropositive for smti-Midichloria antibodies. 

Methods 

Sample collection 

One hundred fifty-six whole blood samples from different 
mammalian hosts exposed to the risk of tick bite were 
included in the study: 46 horses, 13 cattle and 11 sheep 
from non-intensive breeding farms, in which animals are 
allowed to graze out of the stable for 3-6 months during 
the year, in the regions Lombardia and Lazio, Italy; 62 
dogs, form a kennel in Pantelleria Island, Italy; 4 dogs 
from a kennel in the Molise region, Italy; 20 dogs from 
two kennels in the Campania region, Italy (Table 1). In 
order to examine animals at low risk of tick bite, blood 
from 30 cattle from an intensive dairy farm and from 20 
experimental dogs that had been collected in the context 
of a previous study [14], were included in the analyses. 
DNA from blood samples was extracted by using the 
QIAamp DNA blood mini kit (Qiagen, HUden, Germany) 
according to the manufacturer's instructions, eluted into 
100 1^1 of sterile water and stored at -20''C until use. For 
serological analysis, a total of 218 dog sera were collected 
from 16 kennels (hereafter indicated as K1-K16) located in 
southern Italy (Table 2) and stored at -20°C until use. Sera 
from the above 20 experimental dogs were used as control 
samples also for serology. 

PCR analysis 

DNAs extracted from blood samples were analyzed for 
the presence of circulating DNA from M. mitochondrii or 



Table 1 Animals screened for the presence of circulating Midichloria DNA 


Mammalian host 


Region or origin 


Sample size 


No. of positive (%) 


Dog (Kp^) 


Sicilia 


62 


1 8 (29%) 


Dog (Kl'') 


Molise 


4 


1 (25%) 


Dog (KB'') 


Campania 


7 


1 (14%) 


Dog (K14'') 


Campania 


13 


0 (0%) 


Horse (Nl") 


Lazio 


46 


5 (11%) 


Sheep (Nl^ 


Lombardia 


11 


1 (9%) 


Cattle (Nr) 


Lombardia 


13 


0 (0%) 


Cattle (I'') 


Lombardia 


30 


0 (0%) 


Dog (control group) 


Experimental animals'^ 


20 


0 (0%) 



^dogs from a kennel in the Pantelleria Island (Kp), Sicilia; "^kennel code as indicated in Table 2; '^animals from non-intensive (Nl) breeding farms; "^animals from an 
intensive (I) breeding farm; ^animals from a previous experimental study [14]. 
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Table 2 Dogs screened for the presence of anti-Midichloria antibodies 



Kennel code or group 


County or origin 


No. of dogs 


Positivity'' 


OD average ± SD (OD min-OD max) 


Kl 


Campobasso 


15 


86.6 


0.46 ± 0.2 (0.22-0.8) 


K2 


Salerno 


16 


31.25 


0.25 ±0.07 (0.18-0.36) 


KB 


Avellino 


19 


73.68 


0.33 ±0.1 (0.2-0.53) 


K4 


Avellino 


9 


22.2 


0.27 ±0.16 (0.17-0.6) 


K5 


Avellino 


9 


55.5 


0.27 ±0.09 (0.19-0.48) 


K6 


Avellino 


13 


61.53 


0.27 ±0.08 (0.15-0.42) 


K7 


Napoli 


12 


8.3 


0.14 ±0.08 (0.1-032) 


K8 


Caserta 


13 


23 


0.14 ±0.12 (0.07-0.38) 


K9 


Avellino 


15 


20 


0.20 ± 0.09 (0.09-0.39) 


K10 


Caserta 


19 


5.26 


0.14 ±0.06 (0.09-0.35) 


K11 


Napoli 


16 


12.5 


0.1 6 ±0.05 (0.08-0.27) 


K12 


Avellino 


12 


8.3 


0.1 6 ±0.08 (0.1-0.4) 


K13 


Napoli 


16 


0 


0.1 2 ±0.03 (0.09-0.17) 


KM 


Avellino 


13 


0 


0.1 5 ±0.04 (0.1-0.24) 


K15 


Salerno 


16 


0 


0.1 3 ±0.2 (0.05-0.1) 


K16 


Napoli 


5 


0 


0.1 2 ±0.06 (0.08-0.22) 


Control 


Exp. animals ^ 


20 


5 


0.1 3 ±0.05 (0.07-0.28) 



'percentage of positive animals, based on the cut-off determined on the basis of the results from control dogs (see Methods); ''animals from a previous 
experimental study [141. 



related bacteria, using a previously described PGR proto- 
col, with primers designed on the gene coding for the 16S 
ribosomal RNA (16S rDNA) and targeted on portions of 
this gene that are conserved among representatives of the 
genus Midichloria [3,9]. All of the DNAs from blood sam- 
ples were also examined using universal mammalian PGR 
primers, targeted on the 12S rRNA gene [15]. PGR prod- 
ucts obtained with Midichloria primers were sequenced 
using ABI technology, and compared with the databases 
using BLAST (National Genter for Biotechnology Infor- 
mation, Bethesda, Md). Seven of the obtained 16S rDNA 
sequences were deposited in the data bases (see Figure 1 
for the accession numbers), with only one sequence de- 
posited from each host species where the sequences from 
that host were identical. 

Phylogenetic reconstruction 

The 16S rDNA sequences generated were aligned with the 
corresponding sequences from Midichloriaceae bacteria, in- 
cluding Rickettsia rickettsii as an outgroup. In addition, a 
sub-alignment was generated including sequences repre- 
sentative of the Midichloriaceae genera Midichloria and 
Lariskella. The alignment was generated using MUSGLE 
[16] and manually checked. Phylogenetic analysis were 
effected using the Neighbor joining method after Kimura 2- 
parameter correction or Jukes and Gantor correction, after 
either including or excluding the insertion/deletions, or 
using maximum likelihood with GTR substitution model. 
Phylogenetic analyses were performed using SeaView [17], 



estimating the reliability of the nodes after 100 bootstrap 
replicates. 

ELISA analysis 

The recombinant flagellar protein FliD of M. mithocondrii 
(rFliD) was produced in Escherichia coli and purified as de- 
scribed in Mariconti et al. [18]. Wells of ELISA flat-bottom 
plates were coated with 0.1 |ig/well of rFliD. Sera were ana- 
lyzed in duplicate at a dilution of 1:100 and the anti IgG 
HRP-conjugated antibody was employed at 1:5000. The 
optical density (O.D.) was measured at a wavelength of 
492 nm. The cut-off was established at an O.D. of 0.25, 
which is the mean O.D. of the 20 control sera plus three 
times their standard deviation. Samples with O.D. lower 
than 0.25 were classified as negative and samples with 
O.D. greater than or equal to 0.25 were classified as positive. 

Ethical statement 

The study was approved from the National Ethics Gom- 
mittee of the involved institutes. 

Results and discussion 

This work presents the first screening aimed at detecting 
DNA from tick-associated Midichloriaceae bacteria in 
mammalians. A total of 156 blood samples derived from 
horses, cattie, sheep and dogs at risk of tick bite were ana- 
lyzed by PGR, using a previously described PGR protocol 
targeted on the 16S rDNA gene of M. mitochondrii and 
related bacteria [9]. Blood samples from 30 cattle and 20 
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69 



66 



100 



Rhipicephahis liiranicus AM41 1 587 
Equtis caballns HF568841 (3 samples) 
Ixodes iiriae AM411600 
Haemaphysalis pimclala AM411598 

74 1 Cailis lupus familiaris HG793392 (2 samples) 
Ixodes ricimis CP002 1 30 



— Hyalomma tnincatum AM411588 

\Hyalomma marginatum AM181356 



98 



Ovis aries HF568840 



— Hyalomma marginatum AMI 8 1354 
-Ainblyomma tuberculatum AM41 1593 
Caitis lupus familiaris HF568836 (4 samples) 



— Canis lupus familiaris HF568838 (6 samples) 

H Rhipicephahis bursa AM41 1595 
Canis lupus familiaris HF568839 (8 samples) 

Equus cahallus HF568843 (2 samples) 

Ixodes holocychis FM992372 



Haemaphysalis wellingtoni AF497583 
Nysius plebeius AB624350 



Genus 
Midichloria 



g^i Arocaliis melanostomus JQ726736 

Ixodes ovatus AB297807 

- Ctenocephalidesfelis FJ981673 



Genus 
Lariskella 



Figure 1 Phylogenetic tree oi Midichloria spp. 16S rDNA gene sequences. Example of a phylogenetic tree showing the positioning of the 
Midichloria spp. 16S rDNA gene sequences generated from mammalian hosts (bold) relative to those generated in previous studies from ticks. In 
addition to sequences attributable to the genus Midicliloria, other from the genus Larisl<eila have been included as outgroups. Names at the 
terminal nodes are those of the host organisms (mammalians, ticks, and other arthropod species in the case of the genus Larisl<eila). The tree was 
built using the Neighbor-joining method after Kimura two-parameters corrections, with the insertions/deletions not taken into account. Numbers 
at the nodes are the bootstrap confidence values; the scale bar indicates the number of substitutions per nucleotide. Accession numbers of the 
sequences are indicated at the terminal nodes. When multiple identical sequences were obtained from blood specimens of the same mammalian 
species, only one sequence was deposited in the data bases; in these cases, the number of specimens displaying identical sequences is given 
in parenthesis. 



dogs that are regarded as having no or limited risk of tick 
bite were also included. Details on the different groups of 
animals examined are listed in Table 1. 

The quality of the DNAs extracted was checked by PGR 
using universal mammalian primers targeted on the mito- 
chondrial 12S rRNA gene that led to positive amplification 
from all samples. M/t^/c/z/ona-targeted primers led to posi- 
tive amplification from 26 of the animals at risk of tick 
bite, and from none of the control animals (Table 1). The 
animal species that presented the higher prevalence of 
positive animals was the dog, where 20 out of 86 animals 
were positive. Eighteen of these dogs were hosted in a ken- 
nel in the Pantelleria island (part of the Sicily region), 
where a dense population of the hard tick Rhipicephalus 



bursa has been recorded (Epis S., personal observation), 
while two dogs where hosted in two kennels in the Molise 
and in the Campania regions (Italy). The PCR products 
obtained from all Midichloria-^ositxve animals (five horses, 
one sheep, twenty dogs) were recovered fi"om the gel, pu- 
rified and sequenced by ABI technology; the obtained 
sequences were manually corrected, compared with the da- 
tabases using Blast, and included into different alignments 
with homologous sequences, for phylogenetic analyses. All 
of the sequences generated gave the best scores toward 
16S rDNA sequences from Midichloriaceae bacteria. Phy- 
logenetic analyses further confirmed that the sequenced 
PCR products derived from bacteria closely related with 
M. mitochondrii. In particular, in phylogenetic analyses 
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including all of the sequences available from Midichloria- 
ceae bacteria, the sequences here obtained from mamma- 
lians were placed into cluster 2 of this family (result not 
shown), which corresponds to the genus Midichloria [3]. 
Figure 1 presents an example of a phylogenetic tree ob- 
tained including representatives from the two main genera 
of the Midichloriaceae, Midichloria and Lariskella: the 
gene fragments generated from the blood samples here ex- 
amined cluster with those of Midichloria bacteria previ- 
ously detected in ticks (trees generated using different 
settings/algorithms presented the same placement for 
Midichloria sequences derived from blood samples). It has 
already been shown that Midichloria bacteria harbored by 
different tick species are variable at the level of the 16S 
rDNA [9]. 

The tree in Figure 1 shows that the novel sequences 
from mammalians are in some cases identical to those ob- 
tained from ticks: sequences fi-om three horses to those 
obtained from three different tick species {Ixodes uriae, 
Haemaphysalis punctata and Rhipicephalus turanicus; se- 
quences published in ref [9]); sequences from eight dogs 
from the Pantelleria island to those obtained from R. bursa 
[9]; sequences from two dogs from the Molise and Cam- 
pania regions to those obtained from /. ricinus [6]. Other 
16S rDNA gene sequences obtained from the examined 
mammalians differ from those so far generated from ticks 
(showing from 2 to 5 nucleotide substitutions from the 
closest 16S rDNA Midichloria sequence from ticks). This 
result is not surprising, considering that only a minimal 
proportion of the ticks present in Italy have been screened 
for Midichloria bacteria [9]; the overall molecular diversity 
of these bacteria is thus still to be determined. In sum- 
mary, we can affirm that DNA from bacteria attributable 
to the genus Midichloria can be detected in the blood of 
different animal species, and, in at least a few of the cases 
here examined, we can reasonably hypothesize that the 
origin of the detected DNA could be traced to ticks. For 
example, R. bursa, I. ricinus and R. turanicus could be in- 
volved in the transmission of Midichloria bacteria (or their 
DNA) to dogs and horses, also considering the host 
spectrum of these tick species and/or their distribution in 
the areas where the blood samples were collected [19,20] 
(e.g. the case of R. bursa in the Pantelleria island and of /. 
ricinus in the Molise and Campania regions). 

The above results prompted us to develop an ELISA 
test to screen sera for indirect signs of infection by M. 
mitochondrii, focusing the study on the dog; this test 
was based on a recombinant antigen from M. mitochondrii, 
the flagellar protein rFliD [11,18]. We emphasize that we 
do not expect cross-reactivity of this antigen toward tick- 
associated spirochetes, Rickettsiaceae or Anaplasmataceae; 
rather, cross-reactivity with other bacteria from the family 
Midichloriaceae cannot be excluded (see discussion below). 
Using this test we analyzed 218 dog sera collected from 16 



kennels located in southern Italy (Table 2), and the sera 
from the 20 experimental dogs included as controls. The 
cut-off of the test was determined on the basis of results 
obtained from the sera from the control dogs, and posi- 
tioned at 0.25 O.D. As shown in Table 2, the average O.D. 
values for IgG antibodies reacting with rFliD is above/equal 
to the cut-off in Kl-6. In these six kennels the percentage 
of positive dogs ranges from 22.2% to 86.6%. In the 
remaining 10 kennels, the average O.D. value was below 
the 0.25 cut-off: dogs from four of these were all negative 
(K13-16), while some positive dogs were recorded in the 
remaining six, as indicated by the O.D. maximum value 
(K7-12; Table 2). 

Considering the whole population of the dogs examined 
from the 16 kennels, seroprevalence is 26.6%, which is sig- 
nificandy different from the 5% seroprevalence of control 
dogs (Student t-test, P < 0.05). The 218 dogs from the ken- 
nels can generally be assumed to be at risk of tick bite, 
while the 20 experimental dogs can be assumed to have 
no risk of tick parasitism. Considering the above informa- 
tion, the results here reported (i.e. 26.6% seroprevalence 
for M. mitochondrii in dogs at risk of tick bite, and 5% in 
dogs at no risk) are congruent with the idea that antigens 
from M. mitochondrii (or from closely related bacteria) 
are inoculated into animals during the tick blood meal. As 
for the differences in the seroprevalence in dogs from the 
different kennels (Table 2), this could derive from manage- 
ment/sanitary differences among kennels, as well as from 
their geographic and environmental location, in relation 
with tick distribution in Italy. For example, in the rural en- 
vironments of the Molise region, dense populations of /. 
ricinus have been recorded (Rinaldi L., unpublished obser- 
vations); this can explain the 86.6% seroprevalence re- 
corded in Kl (see Table 2), also considering that positivity 
for M. mitochondrii is 100% in all the life stages of /. 
ricinus, excluding adult males [5]. In addition, all of the 
kennels displaying an average O.D. above the cut-off 
(Table 2, Kl-6) are located in rural areas, where tick pres- 
ence has been recorded [21,22] (Rinaldi L., unpublished 
observations). On the other hand, the presence of ticks is 
more sporadic in the urban and suburban environments 
of Napoli, Salerno and Avellino counties, where kennels 
displaying lower O.D. /seroprevalence values (K7-16) are 
located [21,22]. For only three of the kennels that were in- 
cluded in the serological screening we could collect, for a 
subsample of the dogs, whole blood for DNA extraction/ 
PCR screening, in addition to sera samples (Kl, K3 and 
K14; see Tables 1 and 2). In the case of Kl and K3, one 
PCR positive dog was detected in each kennel (Kl, one 
out of four; K3, one out of seven; see Table 1); the O.D. 
values for these two PCR-positive dogs were respectively 
0.67 and 0.37, i.e. both of them can be classified as sero- 
positive for M. mitochondrii. Being based on a subsample, 
the above results do not, however, allow us to estimate 
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any correlation between serological and PCR positivity. 
It is anyway interesting that the two kennels where sero- 
logical positivity is higher present PCR-positive dogs 
(Kl and K3), while no positive dog was detected in a 
kennel where all of the animals are seronegative for M. 
mitochondrii (K14). 

The antigen used for the above ELISA screening (i.e. 
rFliD) is a component of the flagellum of M. mitochondrii 
from /. ricinus. This bacterium is rather peculiar in that it 
is the sole Rickettsiales so far shown to possess a flagellar 
structure: the well-established pathogenic Rickettsiales 
form the genera Rickettsia, Ehrlichia and Anaplasma do 
not have flagella [23]. We would thus exclude that results 
of the above serological screening derived from cross- 
reactivity with antigens from other Rickettsiales. On the 
other hand, Borrelia burgdorferi sensu lato, the main 
pathogen transmitted by Ixodes ticks, does possess im- 
munogenic flagella. However, published results show that, 
in humans exposed to tick bite, a high proportion of the 
subjects positive to M. mitochondrii are negative to B. 
burgdorferi (and vice-versa), indicating the absence of im- 
munological cross-reactivity among the FliD proteins of 
Midichloria and Borrelia bacteria [11]. On the other hand, 
cross-reactivity of rPliD could be expected toward other 
bacteria from the genus Midichloria, under the reasonable 
assumption that other bacteria from this genus possess 
the flagellar gene fliD. 

The work reported here presents two lines of evidence 
that suggest that Midichloria bacteria circulate in mam- 
malians: 1) direct signs of their presence, i.e. the detec- 
tion of DNA gene fragments in blood samples from 
different animal species, that cluster in the Midichloria 
bacterial genus; 2) indirect signs of their presence, i.e. 
the detection of anti-Midichloria antibodies in dog sera. 
These results do not of course allow us to infer any con- 
clusion about whether Midichloria bacteria replicate in 
mammalian hosts: ticks (or other arthropods) might 
simply inoculate Midichloria (or DNA/proteins from 
these bacteria), in an amount sufficient for PCR detec- 
tion and to stimulate antibody production. However, 
considering the amount of blood in the animals here ex- 
amined (e.g. horses), we believe it would be unlikely that 
bacterial DNA inoculated by a few ticks, and diluted into 
liters of blood, could then be detected by PCR, by the 
analysis of the DNA extracted from 100 microliters of 
blood, in the absence of a multiplication in the animal 
host. We are thus more prone to consider the possibility 
that Midichloria bacteria multiply in the mammalian 
host. As for the antibody response toward the rFliD 
Midichloria antigen, repeated inoculations of antigens 
from Midichloria by several ticks, as it might occur in 
animals, could be sufficient to stimulate an antibody 
response. On the other hand, the seropositivity for 
Midichloria recorded in humans parasitized by ticks is 



suggestive of a replication of these bacteria, considering 
that single ticks had generally been removed from the 
examined subjects, normally after a very short blood 
meal [11]. 

Conclusions 

In summary, our current work on animals, together with 
the previously published study on humans [11], presents 
overall evidence that ticks inoculate Midichloria bacteria 
into mammalian hosts during the blood meal, and that 
these bacteria likely multiply, inducing an antibody re- 
sponse. Whether inoculation of Midichloria bacteria could 
lead to the infection of the host, and whether this could 
determine pathological alterations, is now a main research 
issue. In addition, investigations on the immunology of 
the tick saliva [24] should now take into account the pos- 
sible presence and potential immunomodulatory activity 
of Midichloria and Midichloria-associated molecules. 
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